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TRAVEL  T IMES OF PR INCIPAL  P AND S PHASES OVER SMALL 
D ISTANCES IN  SOUTHERN CALIFORNIA*  
By B. GUTENbErG 
INTRODUCTION 
MOaE T~ ten years ago the author published (Gutenberg, 1932) average travel- 
time curves for near-by shocks in southern California, I based on records of twenty- 
one shocks. Since then, additional shocks suitable for study have accumulated. 
From these, fifty shocks have been selected and studied in detail. Arrival times of all 
Fig. 1. Seismograms recorded by standard Wood-Anderson torsion seismographs, a and b, 
shock no. 8, about 25 kin. southeast of Itaiwee, recorded at Riverside; a, N-S, b, E-W compo- 
nent: Epicenter north of station (azimuth about 355°). Note relatively large P waves On a, Sy 
and S waves on b, which are to be discussed in a paper now in preparation, c, shock no. 32, Elsi- 
note region, recorded at Haiwee, E-W component. 
clearly marked phases were read repeatedly from originals as well as from enlarged 
copies, in which approximately 2 mm. correspond to 1 see. Then each shock was 
studied separately. 
The material used, the location of the epicenters, the depths of loci, the magni- 
tudes of the shocks, and the accuracy in reading times of arrival have already been 
published (Gutenberg, 1943a). Table 1 gives a summary of these results. A map 
showing the location of the stations and epicenters, and data about the stations, are 
to be found in the earlier paper (Gutenberg, 1943a). 
* Manuscript received for publication April 12, 1943. 
1 By agreement with Dr. P. Byerly, the area investigated atPasadena nd eMled "southern 
California" in papers published from the Seismological Laboratory includes Mono, Inyo, 
Tulare, Kings, and San Luis Obispo counties and all California counties to the south. 
[13] 
TABLE 1 
DATA FOR S~ocKs 
No. Date Origin tirae Longitude Latitude 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33  
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
1940, July 8 
1940, July 22 
1938, Dee. 3 
1941, Sept. 14 
1941, Sept. 14 
1941, Sept. 14 
1941, Dec. 30 
1939, Jan. 7 
1938, Sept. t7 
1939, May 4 
1938, Aug. 17 
1939, M~r. 22 
1939, Feb. 23 
1939, Feb. 23 
1939, May 
1941, Sept. 21 
1941, June 30 
1935, July 13 
1941, Jan. 29 
1940, Oct. 10 
1938, Aug. 30 
1941, Nov. 14 
1941, Oct. 21 
1941, Oct. 22 
1939, Dec. 27 
1933, Oct. 2 
1933, M~r. 10 
1940, Apr. 18 
1939, Nov. 7 
1940, Feb. 19 
1935, Oct. 24 
1938, May 31 
1938, July 5 
1938, Aug. 6 
1940, Feb. 25.  
1940, M~y 17 
1940, May 17 
1940, M~y 17 
1940, M~y 17 
1940, May 31 
1940, May 31 
1940, June 1 
1940, June 6 
1940, June 6 
1940, June 11 
1937, M~r. 25 
1939, May 12 
1940, June 4 
1940, July 21 
1940, May 18 
hr. rain. see. 
02:57:36.5 
15:00:32.9 
09:42:50.2 
08:43:31.8 
10:21:18.7 
10:39:11.9. 
22:48:44.0 
12:21:49}/4 
06:23:04.7 
12:44:46~ 
23:39:441/~ 
11:16:36~ 
00:45:50.6 
01:18:45.7 
18:48:03.7 
11:53:07.2 
23:50:54.8 
02:54:16.5 
17:34:46.9 
21:57:12.3 
19:18:12.0 
00:41:36.3 
22:57:18.5 
02:32:21~ 
11:28:49.0 
01:10:17.6 
17:54:07.8 
10:43:43.9 
10:52:08.4 
04:06:55.7 
06:48:07.6 
00:33:54.0 
10:06:54.6 
14:00:55.0 
13:23:47.1 
21:03:58.5 
21:51:20 ~/~ 
22:04:30.6 
23:21:32.7 
21:27:01.2 
22:54:28.0 
22:13:10.2 
14:21:15.1 
15:56:37~ 
11:51:18.1 
08:49:03.0 
11:25:02~ 
02:35:08.3 
00:36:03.0 
20:36:40.9 
deg. rain. 
118 48 
118 46 
118 40 
118 44 
118 44 
118 44 
118 44 
117 45 
117 41 
i14 49 
116 13 
116 08 
119 01 
119 O0 
119 03 
118 56 
119 35 
117 54 
118 03 
118 27 
118 16 
118 15 
118 13 
118 13 
118 12 
118 08 
117 58 
117 21 
117 17 
117 03 
116 48 
117 32 
117 35 
117 34 
117 32 
116 18 
116 20 
116 19 
116 20 
116 20 
116 20 
116 20 
116 19 
116 22 
116 19 
116 28 
116 26 
116 26 
115 59 
115 30 
deg. min. 
37 37 
37 38 
37 32 
37 '34 
37 34 
37 34 
37 34 
36 O0 
35 39 
35 58 
34 52 
34 42 
34 52 
34 54 
34 54 
34 52 
34 22 
34 12 
33 58 
33 46 
33 44 
33 47 
33 49 
33 52 
33 47 
33 47 
33 37 
34 02 
34 00 
34 01 
34 06 
33 40 
33 40 
33 42 
33 41 
34 05 
34 04 
34 04 
34 04 
34 05 
34 06 
34 05 
34 00 
34 01 
34 02 
33 28 
33 28 
33 00 
33 10 
32 44 
Magnitude No. of 
s~l ic r  s . 
4.8 I 13 ] 
4.6 12 / 
5.5 14 
5.8 16 
5.5 16 
6.0 16 
5.4 16 
5.0 13 
4.8 14 
5.0 9 
4.5 9 
3.8 9 
4.6 13 
4.8 13 
4.4 12 
5,2 16 
5.9 18 
4.7 11 
4.1 7 
4.7 11 
4.4 9 
5.4 13 
4.9 11 
3.8. 8 
4.7 10 
5.4 12 
6.3 12 
4.4 11 
4.7 8 
4.6 11 
5.1 7 
5.3 12 
4.4 10 
3.8 9 
3.4 5 
5.4 14 
5.2 13 
4.6 13 
5.0 13 
4.7 10 
4.3 9 
4.5 10 
4.3 10 
4.4 10 
4.4 10 
6.0 8 
4.5 9 
5.1 10 
4.4 10 
6.7 15 
Range of 
distances 
kra. 
76-941 
75-940 
61-926 
67-932 
67-932 
67-932 
67-932 
25-762 
59-738 
2-552 
143-576 
139-570 
80-814 
83-813 
79-818 
86-806 
14-849 
15-693 
23-348 
49-731 
47-714 
41-714 
37-711 
31-370 
41-709 
41-696 
62-684 
5-640 
9-633 
30-612 
54-358 
39-646 
40-650 
36-650 
37- 94 
96-682 
97-680 
98-682 
97-680 
95-552 
97-552 
95-551 
88-547 
87-552 
91-549 
99-544 
101-541 
55-532 
83-493 
144-844 
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Three seismograms with the six principal phases are reproduced in figure 1. Be- 
ginnings of other seismograms selected from those used in the present paper, and 
showing P phases only, have been published in another paper (Gutenberg, 1943b, 
pl. 1. Note that on this plate the phase "Py"  of the present paper is marked "P*.")  
The present paper contains a study of travel-time curves for P, Py, Pn, S, Sy, 
and Sn in southern California, based on seismograms of the fifty shocks listed in 
table 1. 
TnAVEL  T IMES OF P 
In the investigation of travel times of F it must  be considered that the observed 
times of arrival as a function of epicentral distance A do not lie along a straight line, 
because of the effect of the focal depth h. To  avoid such a curvature, either the hypo- 
central distance D must  be used, where D: = A 2 + h ~ which leads to t - -D /V  
(V = velocity) ; or the quantity (D  - A ) /V  must  be subtracted from the observed 
travel times before they are used. This procedure means  the reduction of the ob- 
served times to those which would result for a focal depth zero. For either procedure 
the focal depth h must  be known. For h = 18 km., which seems to be a good 
approximation for all shocks listed in table i, the corrections to be subtracted from 
the observed times to find the travel times for focal depth zero are given in table 2, 
supposing that the waves travel only in the average granitic layer. 
TABLE 2 
DELAY OF P DyE TO A FOCAL DEPTH OF 18 K~. 
Distance 0 10 20 30 40 60 80 100 150 200 km. 
Delay 3.2 1.9 1.2 0.9 0.7 0.5 0.4 0.3 0.2 0.1 sec. 
In addition, the observed times must be corrected for elevation z of the station. 
This correction T is given by 
= -z  cos io/Vo = -z  %/(l/V0) 2 - (1/Vn)' (1) 
where i0 = angle of incidence, V0 = velocity at the station, and V~ = velocity at 
the point where the ray is horizontal. Usually, the sedimentary layers are not thick 
enough to affect he angle of incidence significantly, and V0 may be taken as 5.57. 
As the path of P in general has no point with a horizontal tangent, he second form 
of equation (1) cannot be used. The first form of the equation gives approximately 
the following corrections r, to be subtracted from the observed travel times of 
for each kin. in elevation z of the station at the epicentral distance A: 
A 0 20 50 100 300 km. 
~-/z 0.18 0.15 0.07 0.04 0.02 see. 
These corrections are usually less than 0.1 see., and are to be considered only for 
Tinemaha (z = 1.2 kin.), Haiwee (1.1 kin.), Mount Wilson (1.7 kin.), and Palomar 
(1.7 kin.) in shocks near these stations. 
At Santa Barbara systematic delay of 0.1 to 0.2 sec. seems to exist in all phases. 
This is possibly an effect of the thick underlying sediments. 
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In determining the epicenters it has been assumed that the velocities of the 
various longitudinal phases used are the same everywhere in southern California. 
This same assumption must be made if the velocity of a given phase is investigated 
by using a single shock; therefore no additional assumption is introduced if shocks 
originating in a given small area are combined in the investigation. Errors in origin 
time for the different shocks of one such group are affected mainly by errors in the 
velocity, and hence the use of several shocks of the same region in general will im- 
prove the resulting values of both origin time and velocity. 
TABLE 3 
VELOCITY V (KM/SEC.) OF P, ITS STANDAI~D ERRORS, STANDARD ERRORS OF T~IE ORIGIN TIME 0 
(IN SECONDS), AND NUMBER rt OF OBSERVATIONS USED FOR VARIOUS 
REGIONS IN SOUTHERN CALIFORNIA 
(For identification umbers of shocks ee table 1. A = epicentra] distance in kin.) 
Shock 
no. 
l to7  
8, 9 
10 to 12 
13 to 16 
17 
18, 19 
20 to 27 
28 to 31 
32 to 35 
36 to 45 
46, 47 
48, 49 
50 
53 
13 
14 
23 
10 
12 
46 
27 
22 
50 
11 
11 
9 
Range of A V 
67 to 415 
25 to 401 
140 to 411 
80 to 278 
133 to 473 
23 to 348 
41 to 714 
30 to 394 
27 to 401; 646 ~ 
91 to 379; 549 ~ 
99 to 326 
55 to 484 
165 to 839 
32 and 36, res a Observation at Tucson in shocks 
5.60 
5.57 
5.54 
5.60 
5.57 
5.55 
5.57 
5.58 
5.53 
5.56 
5.65 
5.62 
5.60 
)ectivcly. 
Standard error Revised values of 
~t v O 
0.02 0.2 
0.05 0.3 
0.04 0.4 
0.03 0.2 
0.04 0.4 
0.02 0.2 
0.01 0.1 
0.02 0.2 
0.01 0.1 
0.02 0.1 
0.03 0.2 
0.02 O.2 
0.03 0.4 
V Standard  
error 
5. 584 0.006 
5. 579 0.019 
5.574 0.019 
5.578 0.015 
5.571 0.044 
5. 569 0.038 
5.575 0.009 
5.590 0.016 
5. 570 0.013 
5.578 0.008 
5.557 0.017 
5.578 0.008 
5.577 0.019 
46 
10 
14 
26 
10 
7 
44 
24 
18 
49 
11 
9 
9 
In the first calculation the method of least squares was applied to all data for each 
group, with the origin, time and the velocity of P as unknown quantities. Shock 20 
was omitted as too far west, and shock 24 as too small. In the revision both were 
included. In table 3, n is the number of separate instances used. In columns 5 and 6 
the "standard" (or "mean") errors for the velocity V and the origin time 0 of the 
various groups are given. The "probable" errors may be found through multiplica- 
tion of these figures by 0.6745. 
The weighted average of all values of V given in column 4 of table 3 is 5.574 
=t= 0.006. In general, the values found for the individual groups deviate from this 
average by amounts within the range of accidental errors, so that with few doubtful 
exceptions the value V = 5.574 km/sec, can be considered a good approximation 
for the whole region. Using this value and all observed arrival times of P, corrected 
for the effect of focal depth, final origin times were determined for each shock. In 
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four shocks they differ by 0.4 or 0.5 sec. from those determined by use of locally 
different velocit ies; in another five, the difference is 0.3 sec. ; and in all others, 0.2 
sec. or less. These final origin t imes are given in table 1 ; their standard error is listed 
TABLE 4 
VELOCITY OF P, ASSUMING THE ORIGIN TIMES IN TABLE 1 WHICH ARE CALCULATED FOR V = 5.574 
KM/SEC. ; STANDARD ERRORS (IN SECONDS) OF THE ORIGIN TI~E 0 AND OF INDIVIDUAL OBSERVED 
TIMES OF ARRIVAL t OF P, AGAIN ASSUMING THAT V = 5.574 KM/SEC. AND 0 ARE CORRECT 
(n = number of observations. For identification numbers of shocks see table 1.) 
Shock 
no. 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
Standard error of 
n v Shock 
no. 
6 
4 
8 
11 
9 
6 
9 
5 
8 
3 
6 
5 
6 
8 
6 
6 
10 
6 
6 
8 
6 
8 
7 
7 
9 
9 
7 
o t 
k~sec. 
0.2 0.4 5.59 28 
0.2 0.3 5~59 29 
0.1 0.2 5.57 30 
0.2 0.5 5.58 31 
0.1 0.4 5.59 
0.2 0.3 5.60 32 
0.1 0.4 5.59 33 
34 
0.2 0.4 5.55 35 
0.1 O.3 5.6O 
36 
0.3 0.4 5 .56'  37 
0.2 0.4 5.57 38 
0.3 0.7 5.58 39 
4O 
0.1 0.1 5.57 41 
0.2 0.5 5.58 42 
0.2 0.5 5.57 43 
0.1 0.3 5.59 44 
45 
0.1 0.4 5.57 
46 
0.1 0.3 5.56 47 
0.1 0.2 5.57 
48 
0.1 0.2 5.58 49 
0.1 0.3 5.59 
0.1 0.2 5.57 50 
0.1 O.2 5.56 
O.2 O.6 5.57 
0.1 0.4 5.57 
0.1 0.4 5.58 
0.1 0.4 5.58 
Standard error of 
n v 
o t 
km/see. 
7 0.2 0.5 5.59 
6 O.2 O.6 5.60 
9 0.1 0.4 5.57 
5 0.1 0.2 5.60 
7 0.2 0.4 5.58 
6 0.1 0.3 5.58 
4 0.3 0.5 5.54 
5 0.1 O.2 5.57 
8 0.1 0.4 5.57 
5 0.3 0.5 5.59 
5 O.2 O.4 5.58 
4 0.2 0.4 5.58 
5 0.2 0.4 5.57 
2 (0.3) (0.3) (5.59) 
6 0.2 0.5 5.59 
5 0.1 0.3 5.57 
5 0.2 0.4 5.57 
4 0.2 0.3 5.58 
7 O.2 0.4 5.56 
4 0.2 0.3 5.56 
5 0.2 0.4 5.58 
6 0.1 0.3 5.58 
9 0.2 0.5 5.58 
in the third column in table 4, followed in the fourth column by the standard error for 
one observation of P, if the adopted origin t ime and the velocity of 5.574 km/sec.  
is used. The standard error for one reading of P (including irregularities in drum 
speed and errors in t ime correction) has been found, in a previous invest igat ion 
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(Gutenberg, 1943a, p. 518), to be slightly less than 0.4 sec.; note that probable rrors 
are given in that paper. It follows from column 4 in table 4 that the standard errors 
due to incorrect origin time, velocity of P, location of epicenters, and local idiosyn- 
crasies at the stations, in general do not reach half a second. 
The last column in table 4 exhibits the mean velocity of P calculated from ff - 0 
for each individual shock, but omitting data from distances of less than 80 km. The 
effect ~ of an error ~ in the observed travel time on the velocity V is given by 
= AT/ t~;  for P, approximately, ~ = 5.58;/t. The following errors 3 result from 
= 0.1 sec. 
A 50 100 300 km. 
0.06 0.03 0.01 km/sec.  
On the other hand, the beginning of P is less definite at distances beyond about 200 
km. Thus, the standard errors of V depend partly on the distances for which 
observations of P were available in a given shock. 
The same values of P - 0 which were used for the calculation of V for each indi- 
vidual shock (table 4) were combined in regional groups. The results, together with 
their standard errors and the numbers n of observations, are given in the last three 
columns of table 3. The difference in the two sets of values for n in this table is due 
to the omission of data for distances of less than 80 kin. in the revision. Although 
the origin times in the revision are based on V = 5.574, different values result from 
the calculation. Using all 277 observations for P - O, the following values for the 
velocity V of P and its travel time t were adopted: 
V = 5.577 -¢- 0.004 km/sec, t = 0.1793D (2) 
D is the hypocentral distance in km. D 2 = h 2 + A 2, where h = focal depth, h = epi- 
central distance. The revised value of V does not differ significantly from the 
weighted average of 5.574 of the first calculation and was used in all later calcula- 
tions. The small standard error indicates only the consistency of the data; larger 
systematic errors due, for example, to the neglect of the sedimentary layers and the 
increase of velocity with depth are to be expected. 
A few special instances of local idiosyncrasies are to be mentioned here. The 
lowest value of V in the fourth column of table 3 belongs to shocks 32 to 35 with 
epicenters near 33 ° 40' N, 117 ° 32' W (region of the Elsinore fault, about 38 km. 
south-southwest of Riverside). The rather low apparent velocity of P seems to be 
mainly the effect of a relatively early arrival of P at Riverside. This makes the time 
intervals between P at Riverside and at more distant stations too long, and conse- 
quently V too small. The revised value (table 3, col. 7) with Riverside omitted_(as 
its distance is less than 80 km.) is close to normal. The average residuals for P at 
Riverside, using the revised values of 0 and V for the four shocks, are -0.4=~0.1 
sec.; for both Pasadena nd Mount Wilson the corresponding error is -0.1 ± 0.1. 
Supposing that the observed times and the assumed values of the origin time are 
correct, the velocity from the source to Riverside would be about 5.9 kin/see. This 
may be compared with the velocity of about 6.0 kin/see, found by C. F. Richter 
from blasts near Riverside, and by H. O. Wood and C. F. Richter from blasts farther 
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to the north (for summary and discussion of these results, see Gutenberg, 1943b). 
also arrives unusually early at Riverside in these four shocks. The average of all 
available residuals of P at Riverside is about - 0.1 ~ 0.1 sec. 
In shocks 20 to 27 (Inglewood fault region) P arrived too early at Pasadena by 
0.23 =i= 0.12 see., while at Mount Wilson the time of arrival is too early by only 
0.07 ± 0.07 sec. when the elevation of the stations is considered; for this correction 
see equation (1). Otherwise, there seem to be no systematic differences between the 
average velocity of P to Pasadena nd to Mount Wilson. (For details ee Gutenberg, 
1943a, table 7; for selected residuals of P in individual instances ee table 12 of that 
paper.) Taking larger areas, there is no evidence for systematic changes of V within 
southern California. 
TRAVEL T IMES OF Py 
The phase Py corresponds to the waves which have their deepest point in the layer 
immediately below the granitic layer. In Europe the phase through a similar layer 
but with a different velocity is indicated by P* (see Gutenberg, 1943b). 
Equation (1) gives the correction -0.064z for the elevation z in kin. of the station. 
Consequently, 0.1 sec. was subtracted from all Py readings at Tinemaha, Haiwee, 
Mount Wilson, Palomar, and the stations of the Boulder City group. The effect of 
focal depth is practically the same for all distances. 
The travel-time curve of Py for a given shock can be represented with sufficient 
approximation by a ~ A/V, where a is the "intercept ime" of Py, that is, the 
time after which Py seems to start at the epicenter, and V the apparent velocity of 
Py. The average true velocity in the intermediate layer (average depth h = R - r, 
R -- radius of the earth) is given by Vr/R. 
The observed travel times of Py in groups of shocks similar to those used for 
were subjected to the method of least squares, taking a and V as unknown quan- 
tities. As the value of a depends on the focal depth as well as the thickness of the 
granitic layer, the results from the various shocks are expected to vary more than 
those for P. An increase in focal depth by z kin. decreases a by 0.07z sec.; a is de- 
creased by the same amount if near the source the thickness of the granitic layer is z 
kin. less than average. If, in addition, the shock occurred at a depth different from 
the usual, both corrections must be combined. While there is no indication of var- 
iable thickness of the granitic layer in southern California beyond the limits of error, 
the comparison of shocks in the same region (Gutenberg, 1943a) has shown that 
shock 7 had the same epicenter as shocks 4 to 6, but originated about 5 kin. closer to 
the surface. For this reason, shock 7 was treated separately. In the final solution 
(table 5, col. 9), as well as in table 6, the value of a for this shock is among the largest 
found, as was to be expected. There are, without doubt, instances of smaller varia- 
tions in focal depth or of local differences in the thickness of the granitic layer, but 
for most shocks the amount of data and the range of distances available do not 
permit ascertainment of differences of the order of 10 per cent in focal depth or 
thickness of the layer by applying the method of least squares individually with two 
unknown quantities. It should also be noted that in the "revised" solution (table 5) 
the differences in the intercept times a for the major groups (last four lines) are much 
smaller than in the original results (col. 5). 
During the early stage of the investigation of Py it was not known which impulse 
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corresponds to Py at epicentral distances of about 100 kin., as P, Py, and Pn arrive 
within a very few seconds. For this reason, only records of shocks distant more than 
120 km. from the station were used in applying the method of least squares to read- 
ings of Py (cols. 2 to 7 of table 5). After the travel-time curve had been established 
by the method of least squares, there was no doubt that the records begin with Py, 
TABLE 5 
VELOCITY V (K~/S~C.) OF Py, INTERCEPT TIM~ a (IN SECONDS), THEIR STANDARD ERRORS, AND 
I\TUMBER n OF OBSERYATIO~S USED 
(For identification numbers of shocks ee table 1. A = epicentral distance in kin.) 
Shock 
no.  
Standard error I Revised values of 
v i o i v i a I Stand r °rr°r I 
, n 
V 
1,2 I 20 129-545 6.06 1.5 0.04 0.4 6.055 1.4 } 0.016 0.1 20 
3 ] 8 311-534] 5.92 0.7 0.04 0.5 6.068 I 1.7 ] 0.034 0.2 I 10 
4-6 29 130-537 6.14 / 1.6 0.04 0.3 6.023 0.7 0.013 0.1 30 
7 9 130-415 6.01 1.4 0.04 0.1 6.050 1.7 0.019 0.1 9 
: l l 0  ....... 002010301 130-411:6.07 16°511 1°  I I 0.1 / 8,9 / 28 13  004 0.3 6 .04 J1 .2  " 10-12 0.013 . 016 28 13-17 20 133-544 I 5.96 6.8 0.04 0.3 6.056 I 1.3 0.1 
131-394 6.00 0.016 28 20-27 22 10  0.04 03  I 6 .048/12  I I 01  t 
18-19 19 126-355 5.09 1.3 0.07 0.5 O. 020 28-31 6.036 0.8 0.2 17 
I O. 029 5 32-34 6 214-385 I 6.03 I 1.4 0.19 0.8 6.036 1.4 0.1 
i i 
0.009 56 36-45 46 160-38216.0011.1  0.02 0.1 6.053 1.3 0.1 I 
0. 019 13 46, 47 9 170-437 6.06 I 1.0 0.04 0.4 6.053 1.0 0.1 
0.012 22 48-50 21 123-546 6.03 1.2 0.02 0.2 6.038 1.2 0.1 
i/ 1.5 0.03 0.3 0.009 69 1-7 ~ 66 129-545 6.08 I 6.046 1.16 0.08 
i 
0.03 0.2 0.008 8-17 b 48 ! 130-544 5.99 0.9 6.051 I 1.21 0.06 58 
18-50 ° 123 ] 123-546 6.03 1.1 0.02 0.1 6.047 1.21 0.006 0.04 145 
1-50 237 I 1.14 0.013 0.10 0.004 ~ 272 
a Northern Owens Valley. 
b Remaining shocks north of the transverse mountain ranges. 
Shocks south of the transverse ranges. 
at leastat  distances between 80 and 110 kin. (and in shocks 1 to 7 at least out to 
170 kin.). Consequently, in table 6 and in the last five columns of table 5 additional 
data could be used; they are based on readings of the usually sharp beginnings of the 
records. 
There~is no indication of regional differences in the velocity of Py beyond the 
limits of error. The average of 6.043 km/sec, was used to calculate the intercept 
times a for each shock. The results are given in table 6, to which remarks apply 
similar to those made in connection with table 4. The "standard error" for one obser- 
vation of Py is found to be 0.47 sec., if all observations are combined. The last five 
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co lumns  of tab le  5 conta in  group  averages  found in the  same way as the  ind iv idua l  
resu l t s  of tab le  6. 
Tak ing  al l  resu l t s  in to  cons iderat ion ,  the  fo l lowing va lues  have  been adopted  for  
the  apparent  ve loc i ty  V, the  in tercept  t ime a, and  the  t rave l  t ime t of Py  (h  = epi -  
cent ra l  d i s tance  in k in . )  : 
V = 6.047 km/sec ,  a = 1.2see.  t = (1.2 + 0.1654A) sec. (3) 
TABLE 6 
INTERCEPT TIME a OF Py, ASSUMING V = 6.043 KM/SEC.; VELOCITY V, ASSUMING TH,~SE INDIVID- 
UAL VALUES OF a; STANDARD ERROR S OF a AND OF THE OBSERVED TIMES t OF ARRIVAL OF Fy, 
ASSUMING T~IAT THE INDIVIDUAL VALUES OF a AND A VELOCITY V = 6.043 XM/SEC. ARE COR- 
RECT 
(n -- number of observations. For identif ication umbers of shocks see table 1.) 
Standard error Standard error 
Shock n a V Shock n a V 
~o.  no .  
a t a t 
sec .  sec .  
1 11 1.5 0. l  0.4 6.06 28 3 1.5 0.1 0.2 i 6.05 
I 
2 9 1.1 0.2 0.6 6.06 29 4 1.6 0.2 0.3 i 6.07 
3 10 1.7 0.2 0.6 6.07 30 7 0.2 0.1 0.3 6.01 
4 10 0.8 0.2 0.6 6.02 31 3 0.7 0.3 0.4 6.02 
5 10 0.5 0.2 0.6 6.05 
6 10 0.9 0.2 0 .5  6.03 32 3 1.4 0.1 0.1 I 6.04 
7 9 1.7 0.1 0.3 6.05 33 1 . . . . . . . . .  i . . . .  
34 2 (1.3) (0.6) (0.6) i (6.03) 
8 1.0 0.1 0.4 6.05 35 0 .. .  
9 1.0 0.2 0.4 6.04 
36 9 1.2 0.1 0.2 I 6.04 
10 1.1 0.2 0.4 6.05 37 3 1.6 0.3 0.4 6.06 
11 1.6 0.2 0.3 6.05 38 7 1.5 0.1 0.3 6.06 
12 0.9 0.2 0.3 6.02 39 2 (1.1) (0.2) (0.2) , (6.06) 
40 7 1.2 0.1 0.2 6.06 
13 4 1.0 0.2 0.4 6,06 41 8 1.2 I 0.1 0.3 6.04 
14 6 1.1 0.2 0.5 6.06 42 6 0.9 0.1 0.3 6.05 
15 4 1.0 0.4 0.6 6.04 43 5 1.4 0.2 0.5 6.08 
16 8 1.6 0.1 0.3 6.06 44 2 (1.5) (0.0) (0.0) (6.05) 
17 6 1.5 0.2 0.4 6.05 45 7 1.5 0.2 0.5 6.06 
18 1.0 0.3 0.6 6.04 46 6 1.0 0.2 0.4 6.05 
19 . . . . . . . . .  47 7 1.1 0.2 0.4 6.05 
20 6 1.1 0.2 0.4 6.03 48 7 1:0 0.2 0.6 6.03 
21 1 . . . . . .  49 8 1.3 0.1 0.3 6.05 
22 5 0.8 0,2 0.5 6.04 50 7 1.3 0.1 0.3 6.04 
23 2 (1.7) (0.3) (0.3) I (6.02) 
24 1 . . . . . . . . .  
25 5 1.7 0.2 0.4 6.06 
26 5 1.5 0.3 0.6 6.07 
27 5 1.4 0.2 0.4 6.05 
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TRAVEL  T IMES OF Pn 
The  phase Pn  is produced by waves which have penetrated below the Mohorovi6id 
discontinuity. The  correction for the elevation z in kin. of the station from equation 
(i) is 0.13z, which gives 0.2 sec. for Mount  Wilson, Palomar, Haiwee, Lick, and 
Tinemaha, 0.1 sec. for the stations of the Boulder City group and for Tucson, and 
less than 0.05 sec. for the remaining stations used, all to be subtracted. 
TABLE 7 
VELOCITY V (IN KM/SEC.) OF Pn, INTERCEPT Tn~m a (IN SECONDS), THEIR STANDARD ERRORS, 
AND NUMBER n OF OBSERVATIONS USED 
(For identification numbers of shocks see table 1. A = epicentral distance in kin.) 
Shock 
~o. 
1, 2, 4-6 
3, 7 
8, 9 
10-12 
13-16 
17 
18, 19 
20, 21 
22-27 
28-31 
32-34 
36-45 
46, 47 
48, 49 
5O 
38 254-537 I 8. 
13 264-410 I .. 
12 162-762 8.03 
16 , 140-576 8.06 
24 , 179-813 8.07 
9 133-849 8.03 
7 ! 138-566 I 8.06 
5 1138-355 t 18 : 134-714 8:06 19 1117-640 805 
10 214-646 8.00 
38 1 159-682 8. 
9 I 170-544 8. 
9 123-493 8. 
11 144-839 8. 
Standard error I Revised values of 
Standard error 
v 
0.3 : , 0.008 0.1 
0.2 0.03O 0.1 
0.5 0.030 0.2 
0.2 0.014 0.1 
0.2 0.025 0.1 
0.2 0.038 O1 
0.2 0.018 0.1 
0.2 0.018 0.1 
0.4 0.036 0.2 
0.1 ' 0.010 0.1 
0.4 0.028 0.2 
0.3 0.018 0.1 
0.2 , 0.032 0.1 
49 
12 
17 
24 
9 
22 
19 
9 
41 
9 
9 
11 
Columns 2 to 7 of table 7 give the results of least squares olutions for the veloci ty 
V of Pn and the intercept ime a for regional groups of shocks. Contrast ing with Py,  
the values of a show differences definitely beyond the range of accidental  errors. 
Therefore it  was not  possible to combine groups or all data  for least squares solu- 
t ions for V and a. On the other hand, the result ing values for V are the same within 
the l imits of error. Theoret ica l ly  a somewhat  greater vMue for shocks numbered 1 
to 7 is to be expected, considering the greater depth  of the Mohorovi6id layer near 
the source. This problem is discussed more in detai l  in connection with Sn. The 
weighted mean for V is 8.064 ~ 0.11 kin/see.  (n = 220). To determine a for each 
shock (table 8), 0.124 A was subtracted from the observed t imes; the numerical  
factor corresponds to V = 8.0645 km/sec.  The differences in a have been discussed 
previously (Gutenberg,  1943b). Results  for the various regional groups based on the 
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TABLE 8 
INTERCEPT TIME a OF Pn, ASSUlUING 1/V = 0.124; VELOCITY V, ASSUMING THESE INDIVIDUAL 
VALUES OF (~j STANDARD ERRORS OF a AN]) o~' THE O:BSER~Z]ED T IMES t OI~ ARRIVAL OF t )n ,  ASSUM- 
INa  T~-~T THE INDIVIDUAL VALUES Ol~ a AND 1/ ' [  2. = O. 124 ARE CORRECT 
(n - number of observations. For identification numbers of shocks see table 1.) 
Shock 
no. 
5 
6 
9 
9 
9 
5 
6 
6 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2O 
21 
22 
23 
24 
25 
26 
27 
Standard error 
a t 
see, 
).0 0.1 0.2 
3.9  0.2 0.4 
7.7 0.1 0.2 
2.0 0.1 0.3 
3.5 0,1 0.4 
3.8 0.1 0.4 
~.7 0.1 0.3 
~.4 0.1 0.3 
~.1 0.2 0.4 
7.3 0.1 0.3 
7.3 0.1 0,2 
5.8 0.4 0.7 
6.5 0.2 0.3 
6.5 0.1 0.3 I 
6.2 0.1 0 .2 j  
6.4 0.1 0.3 I 
6.7 0.1 0.3 
6.0 0.1 0.1 
5.9 0.2 0.3 
6.4 0.1 0.2 
6.5 0.1 0.2 
6.5 0.3 0.5 
5.9 0.1 0.2 
6.3 0.3 0.5 
6.8 0.4 0.6 
~.06 
3.07 
3.06 
3.06 
3.07 
3.07 
3.06 
3.09 
3.07 
8.07 
8.09 
8.00 
8.07 
8.04 
8.05 
8.05 
8.08 
8.06 
8.09 
8.09 
8.04 
8.00 
8.07 
8.08 
8.0,5 
Shock [ 
no. n a 
Jl 6 [ ~.5 
29 i 4 I 3.0 
30 i 5 I 5.9 
31 i 41  5.9 
i 
32 i 7 '~1 
33 , 2 [ 3.8 
34 0 [ .. .  
35 0 t .. .  
36 7 J 7.0 
37 5 I 7.4 
38 5 f 7.3 
39 4 I 7.2 
40 6 ] 7.0 
41 4 ] 7.3 
42 3 I 6.8 
43 2 I . . .  
44 3 i 7.2 
- -45  4 i 7.1 
- -  - - I  
46 6 6.6 
47 3 6.9 
48 6 5.9 
49 3 5.6 
50 11 6.0 
Standard error 
a t 
0.2 0.4 8.07 
0.2 9.4 8.04 
0.2 9.3 8.06 
0.1 0.2 8.07 
0.1 D.4 8.07 
(o.6) o.6 (8.o8) 
0.1 0.2 8.07 
0.1 , 0.2 8.06 
0.1 0.2 8.05 
0.1 i 0.2 8.05 
0.1 0.3 8.05 
0.1 0.1 8.07 
0.1 0.2 8.07 
0.1 0.2 8.04 
0.1 0.2 8.06 
0.2 0.5 
0.2 0.3  
0.1 0.2 
0.2 0.3 
0.1 0,~ 
8.08 
8.05 
8.05 
8.04 
8.06 
mater ia l  used in table 8 are g iven in the last  five co lumns of table 7. The  average of 
all 236 values for V f rom tab le  8 is 8.061 ~ 0.005 k in /see.  Us ing this, the t rue  ve- 
loc i ty jus t  below the 3/iohorovi~id d i scont inu i ty  (excluding the Sierra Nevada region) 
is found to be 8.02 k in /see.  
The  results for Pn  are based on s l ight ly  more  accurate  readings than  those for the 
other  phases, as Pn  forms the beg inn ing  of the se ismogram whenever  i t  is observed.  
On the other  hand,  the useful  data  begin  at  a larger distance,  and  in a number  of 
shocks, for example  the Ing lewood fau l t  group (shocks 20 to 27), a ra ther  large 
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number of the stations were too close to supply seismograms beginning with Pn. 
The variation in the depth of the MohoroviSid layer affects the arrival times of Pn, 
depending not only on the locality of the source (value of a) but also on the station 
and the wave paths. All readings at Haiwee, Tinemaha, and the Berkeley group of 
stations were disregarded when there was a possibility that a path below the root of 
the Sierra Nevada may have delayed the arrival of Pn at these stations. The inclu- 
sion of such data was the main reason for lower velocities of Pn found previously in 
southern California shocks. 
Data for shocks 3 and 7 were omitted in the first calculation (table 7, left) since 
the residuals howed systematic "errors." Shock 7 is known to have originated at a 
shallower depth, as has been mentioned in the previous ections. The reason for the 
relatively amall value of a in shock 3 is not known; it may be a somewhat smaller 
depth locally of the MohoroviSi5 discontinuity, ora larger depth of focus at a point 
of greater thickness of the granitic layer. 
The standard errors of the calculated velocity of Pn in table 8 are affected more 
by a given error of observation than the corresponding standard errors for P. The 
following values give the approximate effect of an error of 0.1 sec. in the observed 
arrival time of Pn: 
Epicentral distance 100 200 300 km. 
Error in calculated velocity of Pn 0.06 0.03 0.02 km/sec. 
Thus far it has been assumed that the travel-time curve of Pn is exactly astraight 
line. The question of a possible curvature has been investigated by Jeffreys (1936). 
He pointed out that theoretically no term containing A2 is to be expected, and that 
for near-by shocks a term -0.0025 (A ° - 1°) ~ gives the smallest residuals. If A is 
expressed in kilometers, this gives approximately a term -1.8 \- 10-00 / " The 
best data for investigation of this effect seemed to be supplied by shocks 13 to 16. 
There are observations available from various azimuths, the comparison of the 
shocks (Gutenberg, 1943a) promises as accurate picenters as possible, and the 
range of distances eemed favorable (see table 7). The following equations for the 
travel times tof Pn resulted: 
a) Assuming astraight line: 
t = (~.0 ± 0.2) + 
A 
8.07 ± 0.02 
b) Including the term with A s: 
t = (5.8 ± 0.3) + 
A 
8.21 ± 0.08 
(2.6 ± 1.2) 
The cube term in (b) is probably not significant; heoretically a minus sign is to 
be expected preceding this term. For further investigation of the problem, the re- 
siduals found in the calculation of the values in table 8 were grouped as a function of 
distance. The deviations t (t-~ble 9) are in general within or close to their standard 
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errors f. Only the value in the last line indicates a true difference; but all the six 
values used are based on arrival times at Tucson from Owens Valley shocks, and so 
this may be an effect of wave path. These six travel times were not used for tables 
7 and 8. Another interpretation is possible if one considers that the amplitudes of Pn 
at distances A beyond about 400 kin. decrease very rapidly with A. From these 
amplitude observations alone the conclusion may be drawn that the velocity of 
longitudinal waves increases with depth immediately below the Mohorovi6id dis- 
continuity, but that the rate of increase decreases with depth; at a depth of about 
80 kin. there may even be a (sudden or gradual) decrease of velocity with depth (see 
Gutenberg, 1943c). Thus, the residuals in table 9 may be explained by assuming that 
TABLE 9 
AVERAGE RESIDUALS t IN SECONDS FOR THE TRAVEL TIME OF Pn, ASSUMING 
1/V = 0.124 AND a AS IN TABLE 8 FOR EACH INDIVIDUAL SHOCK 
(a = epieentral distance in km. n = number of instances, f = standard error of t.) 
Range of A 
117-150  . . . . . . . . . . . . . . . . . . . .  
151-200  . . . . . . . . . . . . . . . . . . . .  
201-250 . . . . . . . . . . . . . . . . . . .  
251-300 . . . . . . . . . . . . . . . . . . . .  
301-350 . . . . . . . . . . . . . . . . . . . .  
351-400 . . . . . . . . . . . . . . . . . . . .  
401-500 . . . . . . . . . . . . . . . . . . . .  
501-600 . . . . . . . . . . . . . . . . . . . .  
601-700 . . . . . . . . . . . . . . . . . . . .  
701-800 . . . . . . . . . . . . . . . . . . . .  
801-849 . . . . . . . . . . . . . . . . . . . .  
925-940 . . . . . . . . . . . . . . . . . . . .  
22 
54 
22 
23 
23 
31 
24 
26 
8 
2 
6 
6 
t0.04 0.06 
tO. 03 O. 04 
--0.03 0.07 
0.00 O. 06 
tO. 12 O. 07 
tO. 07 O. 06 
-0.10 0.06 
-0.08 0.07 
--0.20 0.14 
(-0.15) (0.17) 
to .  o2 o. 12 
t0.58 0.08 
we have to deal with a true refracted Pn wave only in the first part of table 9, but 
with a diffracted wave at the end. This zone of diffracted Pn waves ends at an epi- 
central distance of about 1,600 kin. Where it begins is not clear. The amplitudes of 
Pn (and Sn) decrease rather apidly with distance beyond 200 kin., and the distance 
at which the energy of the diffracted wave begins to be larger than the energy of the 
refracted wave cannot be ascertained. 
From table 9 it seems reasonable to combine the travel-time residuals t Up to a 
distance of 700 kin. I t  is of interest hat Jeffreys (1936, p. 412) stated that in his 
analysis of travel times of Pn in sixteen Japanese arthquakes, data from distances 
beyond 8 ° had to be "omitted as they may have a systematic error." The positive 
cube term found for shocks 13 to 16 is probably due to four observations with 
A > 800 kin.; no data are available for distances A between 448 and 806 km. 
A least squares olution of the residuals t in table 9 up to A = 700 kin. was made 
by assuming a form t = a q- bA ° q- c(A ° -- 1°) 3. In the last term (A ° - 1 °) was 
used in agreement with Jeffreys' assumption; this corresponds to a subtraction of 
sections of the paths above the Mohorovi5id iscontinuity. In southern California 
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shocks these sections are probably nearer to 1~o, but the effect of the difference on 
the result is small. The values oft  in table 9 were found to be represented by 
t = (0.01 ~: 0.07) + (0.0111 i 0.0064)5 ° - (0.0023 ~ 0.0013) (A ° - 1°) 3 
The numerical factor 0.0111 of A would decrease the value for the velocity by about 
0.006 km/sec. The agreement of the numerical factor (-0.0023) of (A ° - 1°) s with 
the value -0.0025 of Jeffreys is partly coincidence, but indicates that by calculating 
this factor from various other groups of data it might be possible to establish its 
first significant figure beyond doubt. 
Theoretically, the term with A 3 is due to two main causes, the curvature of the 
earth's surface and the increase of velocity with depth. Assuming first that the 
velocity V does not change with depth, the effect of the curvature of the earth's 
surface on travel time to a distance A in radians is given by -R(A  - 2 sin ~A) /V .  
(R = radius of the earth.) For small values of A, neglecting terms of the fifth and 
higher powers in A, this gives - R A~/24V(A in radians), or about - 0.00018 (h ° - 1 °) 
for Pn. This is about -0 .06 see. for A ---- 8 °. Thus, the effect of curvature of the 
earth is too small to affect he observations u ed for tables 7 and 8. 
To investigate the effect of change in velocity with depth z, we assume V = a + bz 
and neglect he effect of the curvature of the earth. The travel time T for the path 
below the MohoroviSid iscontinuity is given by 
T=2f"  d h _2 fv  dv 
Y 0 V cos i b .] vo V~/1  ~-(V/c):  
(4) 
where c = V0/sin i0 = V/sin i and the MohoroviSi6 discontinuity is taken as refer- 
ence level (subscript zero). 
2F, c+ 
V J r  = i 
1 i° 2 l+cos i0  - 1 = ~log (~) 
sin i0 
The distance A = 2a cot i0 (neglecting the curvature of the earth). 
b 
Introducing 1 ~  = ~/ i  + cot 2 io, and k = cot io - bA 
sm % 2a 
T=21og(k+V' l+k~)= k - -~+~+. . -  
b 
(6) 
Neglecting terms with the fifth and higher powers of A, the difference in travel time 
due to the assumed increase in velocity with depth is given for small epicentral dis- 
tances A (in kin.) by 
k3 b2AS 
- - -  ~- - -  - - -  SeC.  
3b 24a 3 
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Tak ing  a = 8 kin/see., expressing/x in degrees, and assuming an angular distance 
of 1 ° for the paths in the upper  layers, we  find that for Pn  the term with A 3 is given 
by  - i11b@~ ° - I°)L The  value -0 .002(A  ° - 1°) 3 wou ld  correspond to b = 0.004, 
which  is of the same order of magn i tude  as the value found f rom the investigation 
of amplitudes (Gutenberg, 1943c). However ,  the observed travel times at distances 
beyond about 7 °, as well as the observed amplitudes, indicate that b decreases with 
depth and even may become negative at a depth of 70 or 80 kin. 
The  following values for the travel times t of Pn and its apparent velocity V 
have been adopted: 
t = a q- 0.124 A V = 8.06 kin/see. (7) 
a depends on the region and varies between about 6 see. for shocks in the coastal 
areas of southern California and at least 10 see. for shocks under the Sierra Nevada. 
TRAVEL TIMES Or 
AS S is the transverse wave corresponding to P, all remarks concerning P refer cor- 
respondingly to S. If the fracture from which the waves start were a point, the 
travel-time curve for S should be D/V where D = hypocentral distance, V = ve- 
locity of S. However, the S waves probably are propagated more slowly than the 
break along the fault, and consequently points closer to the end point than to the 
TABLE 10 
VELOCITY g (KM/SEC.) OF S, INTERCEPT rI'IME • (IN SECONDS), THEIR STANDARD ERRORS, AND 
NUMBERS ~t OF OBSERVATIONS USED 
(For identification numbers of shocks ee table 1. A = epicentrM distance in kin. Columns 
2 to 7 from S-origin time, last two columns from S-P . )  
Shock no. 
1-7 . . . . . . . . . . . . . . .  
8, 9, 13-17 . . . . . . . .  
10-12 . . . . . . . . . . . . .  
18, 19, 28-31 . . . . .  
20-27 . . . . . . . . . . . .  
32-35 . . . . . . . . . . . .  
36-45 . . . . . . . . . . . .  
46-50 . . . . . . . . . . . .  
1-50 . . . . . . . . . . . . .  
n :Range V 
cf ~ _ 
14 61-376 { 3.28 
24 I 25-271 / 3.26 
4 
22 
22 
12 
25 
9 
128 
140-284 ....  
15-323 3.26 
31-155 3.28 
36-277 3.21 m 
97-272 3.3o ] 
101-319 3.24 ! 
i 
15-376 3. 268 i 
--0.1 
--0.8 
--0.6 
+0.2 
-0.6 
--1.0 
-0.61 
Standard error 
V a 
0.02 0,5 
0.02 0.3 
0.01 0.2 
0.03 0.3 
0.02 0.3 
0.04 0.6 
0.03 0.6 
0.008 0.13 
Standard 
a error 
of a, 
-0.2 0.5 
--0.4 0.1 
--0.5 0.8 
-0.5 0.1 
--O.2 0.2 
--0.6 0.2 
--0.9 0.2 
-0.9 0.3 
-0.51 0.08 
point of beginning of faulting may receive the first S waves from different points of 
the fault. As a consequence, the average apparent origin time of S should be ex- 
peered to be slightly earlier than that of P, and the average travel time of S is given 
by (a -F D /V)  where a is negative. (For details see Gutenberg and Richter, 1943.) 
The apparent early start of S in certain azimuths must result in larger residuals. 
Moreover, the time of arrival of all S phases is usually less clearly defined than that 
of P phases. Consequently, the standard errors resulting from least squares olutions 
are larger for the S phases than for the P phases. While in the P phases probably the 
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largest part of the standard "error" of a single observation (usually less than ~ see.) 
is due to the effect of incorrect location of the epicenters and to local idiosyncrasies 
near the stations, in the S phases probably incorrect identification of the beginning 
of the phases produces the main part of the standard errors of about 0.8 sec. for a 
single observation. 
The following corrections t for the effect of focal depth were applied to the ob- 
served travel times of S: 
A 15 20 25 30 40 50 60 70 80 100 120 150 200 > 300 km. 
t 2,6 2 .1  1.8 1.5 1.2 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0,2 O.lsec. 
For least squares olutions the travel times of # as well as observed time differ- 
ences S - P were used (table 10). The intercept time a and its standard error in the 
last two columns of table 10 were found by supposing that S - P = a q- 0.1275D. 
The numerical factor was taken from a least squares olution. The use of all 108 
observed values of the time interval d between # and P resulted in 
d = ( -0 .51 ± 0.13) + (0.1275 ± 0.0010) D (s) 
where D = hypocentral distance. The standard error for one observation of S as 
well as for one observed value of S - /5  is about 0.7 see. 
If a velocity of 5,577 kin/see, is assumed for P, the velocity of S resulting from 
equation (8) is V = 3.259 kin/see. Combining all results, equations (9) were taken 
as representative for the travel times t of S; 
t = -0 .5  + 0.3066D, g = 3.26 kin/see. (9) 
T~VEL TIMES OF Sy 
The phase Sy corresponds to Py. Originally the author (Gutenberg, 1932) had used 
the symbol Sm for this phase# the phase marked Sy in 1932 has not yet been studied 
in the present investigation. Equation (i) gives the correction -0.136z for the 
elevation z, which is about the same as for Pn. Results of the least squares olutions 
for the velocity and intercept time of Sy are given in table 11. The standard error 
for one observation corresponding to the results of the last line is 0.9 sec. The 
resulting travel time t of Sy is given by 
t = 2.1 -4- 0.2745 whence V = 3.65kin/see. (10) 
As in the case of Py, there is no clear indication that the intercept ime a or the 
velocity depend on the locality of the source or the station by an amount beyond 
the limits of error. In table 11, in most instances with deviations of V and a from 
the average xceeding the standard error, these deviations are in the same sense, 
either both positive or both negative. This is to be expected if the deviations are 
due to systematic ncorrect identifications of the beginning of a phase for the usually 
few observations atlonger distances. 
Note that on p. 32 of Gutenberg (1932) in the equations "Sy" and "Sin" are exchanged; Sy 
there corresponds to Sy in the present paper. 
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TABLE 11 
VELOCITY V (KM/SEC.) OF Sy, INTERCEPT TI~E a (SEC.), THEIR STANDARD ERRORS, AND NUM]~ERS 
n OF OBSERVATIONS USED 
(For identification numbers of shocks see table 1. A = epieen~rM distance in kin.) 
Shock no. 
1-7 . . . . . . . . . . . . . . . .  
8, 9, 13-17 . . . . . . . . .  
10-12 . . . . . . . . . . . . . .  
18, 19, 28-31 . . . . . . .  
20-27  . . . . . . . . . . . . . .  
36-45 . . . . . . . . . . . . . .  
46-50 . . . . . . . . . . . . . .  
1-50 . . . . . . . . . . . . . . .  1 
[ 
[ 
Range of A 
129-389 
105-278 
140-333 
105-355 
103-367 
93-277 
101-375 
93-389 
3.66 
3.59 
3.65 
3.73 
3.66 
3.57 
3.61 
3. 652 
2.4 
1.2 
2.6 
3.1 
1.9 
1.9 
1.2 
2.08 
Standard error 
V a 
0.02 0.5 
0.03 0.4 
0 .'06 0.6 
0.04 0.5 
0.02 0.2 
0.04 0.4 
0.04 0.6  
O. 012 O. 20 
TRAVEL TIMES OF Sn 
Sn corresponds to Pn. It is the smallest of the three major S phases. While Pn marks 
the usually well-defined beginning in seismograms of short-period vertical Benioff 
instruments, Sn is superimposed on movement due to  earlier phases (see fig. 1). 
Consequently, the number of useful observations i  relatively small and the results 
are less accurate than those for Pn. 
The correction for station elevation z (in kin.) resulting from equation (1) is 
- 0.21z, which gives - 0.4 see. for Mount Wilson and Palomar, - 0.3 sec. for Tine- 
maha, Haiwee, and Lick, -0 .2  sec. for Boulder City and Tucson, -0 .1  sec. for 
Pasadena, Riverside, Pierce Ferry, Boulder Dam, and 0verton. 
Table 12 contains the results of least squares olutions for the velocity V and the 
intercept time a for the various regional groups. The range of epicentral distances 
available from shocks 36 to 45 was too small for .the determination of the velocity. 
As it was to be expected, from comparison with Pn, that shocks 3 and 7 would have 
a value of a differing from the others, first tentative values of a were determined for 
the whole group 1 to 7 by assuming V = 4.46; for shock 3, a came out 0.7 sec. 
smaller, and for shock 7, greater by 1.0 sec. than for the average of the others. 
Consequently, all readings of shock 3 were increased by 0.7 see., and all of shock 7 
decreased by 1.0 see., before the method of least squares was applied to the whole 
group. 
No attempt was made to combine all observations in one solution for V and a. 
From columns 5 and 7 of table 12 it is evident hat a depends on the location of the 
source. The differences in V are probably not significant. If 4.45 is assumed as the 
correct value, the largest deviations are only about la/~ times the standard error. It 
must be considered, besides, that the apparent velocities of Pn and Sn must be 
greater than the true velocity (aside from the effect of curvature of the earth's 
layers), if there is a "mountain root" near the source, and the Mohorovi~i6 discon- 
tinuity is deeper under the hypocenter than under the station. The  effect depends 
on the shape of the discontinuity; it would be equal to the effect known from "dip 
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TABLE 12 
VELOCITY V (KM/SEC.) OF SR, INTERCEPT TIM~ a (SEe.), THEIR STANDARD ERRORS, AND NUMBERS 
~t OF OBSERVATIONS USED 
(i = standard error of one observation of Sn in see., assuming that  1/V  = 0.225 kin/see, and the 
value for a in the eighth column are correct. For identif ication of shock numbers ee table 1. 
A = epicentral distance in km,) 
Shock no. 
1, 2, 4-6 . . . . . . . . .  
3 . . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . . .  
8, 9, 13-17 . . . . . .  
11 . . . . . . . . . . . . .  
18,  19, 28-31 . . . .  
20-27 . . . . . . . . . .  
32, 33 . . . . . . . . . .  
36-45 . . . . . . . . . .  
46-50 . . . . . . . . . .  
n ._ 
14 
4 
3 
,)4 
3 
9 
[1 
3 
L5 
7 
:Range of A 
254-364 
264-356 
259-311 
130-457 
143-212 
144-394 
135-611 
215-277 
162-170 
158-344 
V 
458  10.8 I 
U2,5) 
4.44 8.6 
4.46 9.0 
4,41 7,6 
4.54 9.4 
Standard error 
0.09 0.5 
0.03 0.4 
51o7 
0.03 0.4 
o:o8 0.9 
Supposing 1/V  = 0.225 
Standard error 
a t 
12.6 0.2 0.6 
11.8 1.3 0.7 
13.6 0.7 0.5 
8.7 0.1 0.7 
9.1 0.4 0.5 
8.8 0.2 0.7 
8.0 0.2 0.6 
9.1 0,7 0.9 
9.4 0.2 0.8 
8.4 0.3 0.8 
shoot ing"  in  the  se ismic re f rac t ion  method if the  decrease  in  depth  of the  d iscon-  
t inu i ty  is p ropor t iona l  to  the  ep icent ra l  d i s tance ,  but  wou ld  be  s imi la r  to  the  ef fect  
of the  foca l  depth  on  P and  S if the  mounta in  root  does not  extend  far  in  the  d i rec-  
t ion  ~oward  the  s ta t ion .  On  the  o ther  hand,  i t  is qu i te  reasonab le  to  cons ider  that  
beneath  mounta in  roots  the  ve loc i t ies  of Pn  and  Sn  are  rea l ly  g reater  than  average .  
TABLE 13 
INTERCEPT TIMES a FOR Pn AND SB, DEVIATIONS T fROM AVERAGE A fo r  T~E COASTAL AREA, AND 
RESVLTING DEVIATION d OF THE THICKNESS OF "NiOUNTAIN ROOT" (BELow 
ABOUT 35 KM. )  IN  THE EP ICENTRAL REGION 
(For identification numbers  of shocks see table I) 
a in seconds 
Shock no. 
1, 2, 4-6 . . . . . .  
10-12 . . . . . . . . .  
8, 9, 13-17 . . . .  
18, 19, 28-31... 
20-27 . . . . . . . . .  
32, 33 . . . . . . . . .  
36-45.. . . . . . . .  
46-50 . . . . . . . . .  
A . . . . . . . . . . . .  
Pn Sn 
8.8 2.6 
6.9 9.1 
6.2 8.7 
6.1 8.8 
6,5 8.0 
7.0 9.1 
7.2 9.4 
6.0 8,4 
6.2 8.5 
T sec. 
Pn Sn 
2.6 4.1 
0.7 0.6 i 
0.0 0.2 I 
--0.1 0.3 ! 
i 
03 -05 '  
0.8 0.6 ! 
1.0 0.9 I 
-02  1-o.1 i 
d in km. from 
Region of 
Pn Sn 
24 26 Nor th  of Owens Valley 
6 4 East  of Moiave Desert 
0 1 West of transverse ranges 
-- 1 2 West and east of Riverside 
3 -3  Inglewood fault 
7 4 Elsinore 
9 6 Litt le San Bernardino Nits. 
- 2 -- 1 Terwilliger, Imperial Valley 
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Supposing that the velocity increases with depth z (in kin.) by 0.004z for Pn and by 
O.O02z for Sn, and that the MohoroviSid discontinuity is 25 kin. deeper under the 
northern Owens Valley than in the coastal areas of southern California (see table 13), 
differences in velocity of Pn by 0.1 km/sec, and by 0.05 for Sn would result from 
the increase of the elastic constants with confining pressure (Gutenberg, 1943c). 
However, ahigher velocity of Pn and Sn in the epicentral region of a shock does not 
change noticeably the resulting "apparent" velocity, if only a small fraction of the 
wave path is in the area of increased velocity. 
In the region of the shocks numbered 1 to 7 the calculated apparent velocity of 
Pn does not differ noticeably from the average (table 7). Therefore it seems likely 
that most of the deviation of V from the average for Sn in these shocks (table 12) 
is due to accidental errors. 
In spite of all irregularities, it was finally deemed reasonable to assume that the 
velocity of Pn is the same everywhere in southern California. As representative 
value for normal conditions, 1 IV  = 0.225 sec/km. (or V = 4.444) was adopted 
for the calculation of the last three columns of table 12. The regional variations of a 
are similar for Pn and Sn (table 13). This supports the assumption that the order of 
magnitude of the difference is correct. They can be used to calculate the approxi- 
mate deviation dof the lower boundary of the mountain root below the correspond- 
ing level in the coastal area in southern California (or the difference in depth of 
Mohorovi~id discontinuity). From T = a - A (a = individual intercept time, 
A = average of a in coastal area) we find 
T d-  
1 (11) 
~ w ~ 
where v = velocity in the intermediate layer, w = velocity below the discontinuity. 
This gives approximately 
forP d = 9.1T andfor S d = 6.4T (12) 
For results, see columns 6and 7 of table 13. 
The following values for the travel time t and the apparent velocity V of Sn 
finally were taken as representative of the observations: 
t = a + 0.225A V = 4.45 km/sec. (13) 
where a depends on the region (see col. 3 of table 13). 
SUMMARY 
Study of arrival times of the principal phases in fifty of the larger and better e- 
corded earthquakes in southern California resulted in the following travel times t 
(seconds) and apparent velocities V (km/sec.) : 
t = 0.1793D V = 5.577 S t = -0.5 q- 0.3066D V -- 3.26 
Py t=1.2+0.1654A V=6.047 Sy t=2.1+0.274A V=3.65 
Pn t=xq-0.124A V=8.06 Sn t=y-~0.225A V=4.45 
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A -- epicentral distance, D ~ = A 2 + h 2, h = focal depth, x and y depend on the 
region; the following are characteristic values 
Coastal areas, Mountain areas, Northern Sierra 
low valleys southeastern Calif. Owens Valley Nevada 
x 6 7 9 10~ sec. 
y 8~ 9~ 121~ 14de sec. 
The average true velocities of Py and Sy are about one-third of one per cent, those 
of Pn and Sn about one-half of one per cent, smaller than the corresponding appar- 
ent velocities. In the uppermost 50 kin. the velocity increases with depth. The order 
of magnitude of this increase is roughly 1 per cent per 10 kilometers, but larger in 
the uppermost one or two kilometers. It can be found from a study of amplitudes 
(Gutenberg, 1943c ) ; its effect on the travel times exceeds the limits of error by too 
small an amount to be ascertained beyond oubt from the data of the present paper. 
The curvature of the earth can be disregarded within the range of distances used 
(in general not exceeding 800 kin.). The effect of "mountain roots" on the travel 
times of Pn and Sn is investigated. 
Reproduction of travel-time curves and recalculation of the thickness of the 
various layers must wait until a study of other (especially reflected) recorded phases 
now under way is finished. Preliminary values are 18 kin. for the thickness of the 
granitic layer with small ocal variations, and about 35 kin. for the total of the crustal 
layers in the coastal areas of southern California with an increase inland approaching 
twice that amount under the Sierra Nevada. 
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